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Abstract
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Chemistry

This thesis details robust experimental investigations of sample conditions for EPR spec-

troscopy. This work investigates two areas of sample conditions. First, a robust experimental

investigation of the effect of sample matrix deuteration on relaxation behavior is presented.

This work serves to guide experimental practitioners to choose optimal sample conditions for

EPR measurement. Second, an investigation of the effects of different spin labels on intra-

protein distance measurements in double electron electron resonance (DEER) spectroscopy

is detailed. The distance distribution P (r) obtained via DEER includes the flexibility of the

spin label in addition to the flexibility of the protein. This work provides a direct comparison

of commonly used spin labels in DEER experiments on the same site pairs to isolate spin

label effects on distribution broadening.
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Chapter 1

EPR APPLICATIONS IN STRUCTURAL BIOLOGY

1.1 EPR Overview

Electron paramagnetic resonance (EPR) spectroscopy is a useful technique for the study of

a variety of chemical and biological systems, which has been gaining popularity in recent

years. Biological applications of EPR include redox state monitoring, structural determi-

nation, local environment coordination, amongst many other applications. While similar

in principle to nuclear magnetic resonance (NMR) spectroscopy, EPR is not as commonly

taught in undergraduate chemistry programs as NMR is. Given that EPR is sensitive only

to paramagnetic species, it often fills a gap left by other biophysical techniques. The re-

cent advent of affordable benchtop EPR spectrometers is making this technique accessible

to those who have not traditionally had the opportunity to perform EPR spectroscopy.

As EPR is selective only to paramagnetic systems—that is, systems with unpaired electron

spins—it can fill unique gaps in research on hugely complicated systems. Particularly, EPR

applications in structural biophysics can illuminate a significant amount of information about

a system. Fortunately, the advent of benchtop EPR spectrometers has made the technique

more accessible for a wider variety of practitioners, with applications ranging from protein

structure determination, local coordination of metallic centers in inorganic compounds, elec-

trochemical studies, radiation dosimetry, food shelf stability, and non-destructive study of

ancient artifacts like mummies.1

The goal of this chapter is to provide those new to EPR with a location to look up succinct
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definitions of the vocabulary accompanying EPR spectroscopy and a thorough amalgamation

of important literature to understand the topics discussed in depth. The following sections

will outline the basic principles of paramagnetism, fundamental interactions experienced by

paramagnetic centers, EPR instrumentation, and some basics of dipolar EPR spectroscopy

(pulse EPR).

1.2 Fundamental EPR Vocabulary and the Spin Hamiltonian

The goal of this section is to provide accessible, robust definitions of common EPR vocab-

ulary. It would be a discredit to the reader to not mention the many wonderfully thorough

textbooks on EPR spectroscopy, such as Schweiger-Jeschke,2 Weil-Bolton,3 Eaton-Eaton,4

and Goldfarb-Stoll.5 Additionally, the EPR primer by Chechik, Carter, and Murphy is

well-suited for magnetic resonance novices.6

To understand what systems are possible to probe with EPR, we must begin with a discus-

sion of what paramagnetism is. The presence (or generation) of paramagnetic species is a

necessary precondition for any EPR experiment.

1.2.1 Basics of paramagnetism

The work in this thesis focuses on paramagnetic systems. Generally, paramagnetic systems

are ones in which the system weakly interacts with an external magnetic field, as well as

local magnetic fields within the system itself—that is, EPR probes systems with unpaired

electron spins.

Paramagnetism arises from the electron’s angular momentum (Figure 1.1). The spin of

a charged particle (electron) generates a current, and this current gives rise to a magnetic

moment, defined by:

µ = −µBgeS (1.1)
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Figure 1.1: A vector representation of angular momentum. The left panel shows a spin

singlet S = 0. Since the spin angular momentum vectors cancel (dashed lines), there is no

net angular momentum. The other three panels show two electron spins giving different

spin triplet states S = 1. The total angular momentum is shown in solid black.

where µB is the Bohr magneton, ge is the g-value of a free election and s is the spin angular

momentum. In Figure 1.1, the magnetic moment of the spin state is shown in a solid black

line. In the case of an even number of electrons, it is common for the spin magnetic moment

of the system (shown as a solid black line in the figure) to be canceled out by an antiparallel

magnetic moment. This is shown with of the spin singlet state in Figure 1.1 where the

magnetic moments of the two electrons are shown as dashed lines—that is to say, there is no

net magnetic moment due to the cancellation of angular momentum. In this case, the system

is called diamagnetic. In the case when the total magnetic moment is not canceled out (as in

the case of the spin triplet state shown in Figure 1.1), the system is called paramagnetic.

There are a plethora of systems that contain paramagnetic centers.7 Some systems of par-

ticular signifance in EPR are metalloproteins or metalloenzymes, proton-coupled electron

transport, and even within the foods we eat. Commonly paramagnetic systems can be probed
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with electrochemistry,8 magnetic circular dichorism spectroscopy,9 SQUID magnetometry,10

Mössbauer spectroscopy,11 and electron paramagnetic resonance (EPR) spectroscopy. EPR

spectroscopy is a highly useful and versatile technique for probing paramagnetic systems as

it is insensitive to any non-magnetic interactions.4,6

A discussion of Zeeman splitting is central to the general concept of any EPR experiment

(Figure 1.2).4,12 Perhaps the most fundamental EPR experiment is the continuous-wave

(CW) experiment. In the absence of an external magnetic field (assuming no zero-field

splitting), α and β electrons are degenerate. The convention of α and β in this chapter is

spin up and spin down, that is mS = +1/2 and mS = −1/2, respectively. In CW EPR

experiments, a constant microwave perturbation is applied as the magnetic field is swept.

At some magnetic field value, the amplitude of the Zeeman splitting is proportional to the

microwave frequency by:

∆E = hν = gµBB0 (1.2)

where ∆E is the amplitude of the Zeeman splitting between the α and β states, h is Planck’s

constant, ν is the applied microwave frequency, g is the g-value of the paramagnetic center

being probed (discussed in depth in the next section), µB is the Bohr magneton, and B0 is

the applied magnetic field. This can be written in terms of the electron–Zeeman interaction

Hamiltonian:

ĤEZ = µBB0gŜ (1.3)

where Ŝ is the electron spin angular momentum operator in atomic units of ~.

Thus, at a specific value of B0, the direction of the electron’s magnetic moment is inverted by

absorption of the photon. For most CW EPR experiments, loss in power due to absorption

is recorded. The signal is displayed as the derivative of absorption due to the use of lock-in

amplifiers, discussed in Section 1.3.

The Zeeman interaction also arises from magnetic nuclei—that is, those with non-zero spin
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Figure 1.2: A diagram of Zeeman splitting. Top, the energy level separation between α and

β magnetic moments, spin down and spin up, respectively. Bottom, the first derivative CW

EPR spectrum shown for the resonant transition.
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angular momentum—and is defined similarly to ĤEZ:

ĤNZ = −µNB0gNÎ (1.4)

where gN is the nuclear g-value, µN is the nuclear Bohr magneton, and Î is the nuclear spin

operator. Unlike electron g-values, gN can be a positive or negative number.13 Compared

to the electron-Zeeman interaction, the nuclear-Zeeman interaction is much smaller and is

typically negligible in EPR experiments.

1.2.2 g-values

A g-value can be thought of as an electronic “fingerprint” of a paramagnetic system. Similar

local electronic environments will yield similar g-values. Organic radicals generally have g-

values close to 2.0023, the g-value of a free electron, ge.
14 Many metal paramagnetic centers

have g-values much higher or lower than that of a free electron.

The practitioner’s ability to measure precise g-values can help identify the local environment

of the paramagnetic system. Since anisotropy exists (Figure 1.3), the g-value is described

by three principal g-values: gx, gy, and gz.
15 These are chosen to be along the principal axes

of the g tensor. Systems in which gx = gy = gz are called isotropic. Isotropic systems are

characterized by a CW EPR spectrum that has only one feature. In the case of gx = gy 6= gz,

the system is called axial. Axial centers are characterized by the presence of two features in

the CW EPR spectrum. Finally, in the event that gx 6= gy 6= gz, the system is called rhombic.

Rhombic paramagnetic centers show three features in their CW spectra. The relationship

between the orientation of the paramagnetic center relative to the external magnetic field

and its g-values can help elucidate information about its local electronic environment.

For example, from the average g-value of the system alone, it is possible to differentiate

between an iron-sulfur cluster that is coordinated with two Cys residues and two His residues

(Rieske type, gavg = 1.965) and one that is coordinated with four Cys residues (ferredoxin

type, gavg ≈ 1.88 − 1.91).16–19 Determination of local coordination with EPR is helpful
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Figure 1.3: The effect of g anisotropy on CW EPR spectra of a simulated S = 1/2 system

at 9.7 GHz. Top, a rhombic spectrum is shown in teal. Middle, an axial spectrum is shown

in purple. Bottom, an isotropic spectrum is shown in pink.

for systems that are difficult to crystallize. Additionally, as opposed to crystal studies,

EPR is either done in liquid solution at room temperature or frozen solution at cryogenic

temperatures. This is preferable to rigid crystal structures as it is closer to the native protein

state. It is also possible to determine spin density of the paramagnetic center by combining

advanced EPR techniques with molecular dynamics simulations.20 Chapter 4 discusses

EPR applied to iron-sulfur clusters in more depth.

1.2.3 Orientation selection

Another consequence of anisotropy is the ability to selectively probe EPR transitions based

on the relative orientation of the paramagnetic center. This is most straightforwardly un-

derstood in single-crystal CW EPR studies. Upon initial measurement of the sample a given

orientation, a device called a goniometer can be used to rotate the sample incremental from

0 to 360◦. The goniometer records the offset from the initial measurement angle. It is highly
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useful to probe the single crystal along the principal axis of the g tensor, in order to simplify

spectral analysis.

This concept of orientation selection is also relevant in pulse EPR techniques. Generally,

microwave pulses applied to probe the system have a bandwidth that is narrower than the

spectrum. This means only certain portions of the spectrum will be recorded given a specific

pulse sequence and magnetic field. By selectively probing along the principal g axes—the z

direction is conventionally designated for the direction along the external magnetic field—the

experimentalist can selectively probe the transitions along a specific axis, illuminating the

local electronic environment along that axis.

1.2.4 Hyperfine coupling

Hyperfine coupling arises from: (i) the through-space dipolar interaction between an electron

spin and nearby nuclear spins and (ii) the direct magnetic interaction between the electron

and nucleus, known as the Fermi contact interaction. The strength of this interaction can

provide key information for studying the structures of chemical environments,21 as hyperfine

coupling can be used to ascertain the ligand environment of a spin system.22–26

EPR probes the electron ∆mS = ±1 and nucleus ∆mI = 0 transitions. These transitions

represent an additional splitting in the energy level diagram, and manifests as a splitting

the EPR features into 2I + 1 lines separated by the magnitude of the hyperfine interaction.

That is to say, for S = 1/2, I = 1/2, there will be 2 peaks in the EPR spectrum; in the case

of S = 1/2, I = 1 there will 3 peaks in the EPR spectrum. As S and I take higher values,

the number of EPR lines grows out of hand quickly, as in the case of a benzene radical.6

The hyperfine Hamiltonian is expressed as:

ĤHF = aisoŜÎ (1.5)

where aiso is the isotropic hyperfine interaction for the given nucleus. This description of the

hyperfine interaction is simplified for the case of an isotropic hyperfine interaction.
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Figure 1.4: Hyperfine coupling between an electron (purple) and a nucleus (teal) in an

external magnetic field. The nucleus’s magnetic field is indicated in gray. The strength of

the nucleus’s magnetic field felt at the electron is, like many in magnetic resonance,

proportional to 1/r3. This makes it possible to extract a proton’s distance from the

electron with EPR experiments.
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Most chemical systems, however, have anisotropic hyperfine couplings, and as such, other

techniques must be used to extract hyperfine information from the system of interest. The

pulse EPR techniques necessary to study aniostropic hyperfine couplings fall under the cat-

egory of hyperfine EPR spectroscopy, which will be discussed later in this chapter.

1.2.5 Nuclear quadrupole interaction

The nuclear quadrupole interaction (NQI) arises from a non-spherical nuclear charge distri-

bution for nuclear spin I > 1/2 (Figure 1.5). The electric quadrupole moment Q quantifies

the deviation of the charge distribution from spherical symmetry. There are three types of

the charge distribution Q: if it is spherical, then Q = 0; if it elongated about the z−axis

(e.g. in a football shape), then Q > 0; and if it is elongated about the xy−plane (e.g. in

a hamburger shape), then Q < 0. The charge distribution is always cylindrical. A nucleus

with a non-spherically-shaped charge interacts with a local inhomogeneous electric field (i.e.

the electric field gradient is non-zero). As such, the nuclear quadrupole interaction can

be thought of as a torquing force when not aligned along the axis aligned with the local

electric field gradient direction—that is, when the elongated axis is at some angle from the

lowest-energy state. The highest-energy state occurs when the elongated axis of Q is aligned

perpendicularly to the lowest-energy state.

In the principal axes system of the electric field gradient (EFG) tensor, the Hamiltonian for

NQI is defined as:

ĤNQI =
e2qQ

4I(2I − 1)
[(3Î2z − Î

2
) + η(Î2x + Î2y )] (1.6)

where
e2qQ

h
is the quadrupole coupling constant in MHz (the inclusion of Planck’s constant

puts this into frequency units) and η is the asymmetry parameter, defined as η =
Vxx − Vyy

Vzz
,

where Vxx and Vyy are the principal components of the EFG along the x- and y-axes, respec-

tively. This asymmetry parameter can be understood as the deviation in the xy plane from

the spherical case. The value of e2q depends upon electronic coupling to the EFG as well as

contributions of charged nuclei.
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Figure 1.5: Nuclear quadrupole interaction between an electron and a nucleus with a

non-spherical charge distribution (a non-zero electric quadrupole moment). Lowest energy

when aligned with the largest negative charge, highest energy when aligned perpendicular

to the axis of the largest negative charge.

1.2.6 Relaxation

The ability to perform pulse EPR experiments hinges on refocusing of electron spins upon

detection. The time frame over which electron spins can be refocused is directly related to the

time frame over which the probed state returns to equilibrium. This phenomenon is known

in magnetic resonance as relaxation and plays an important role in all magnetic resonance

experiments. A thorough explanation of the significance of relaxation can be found in Eaton

and Eaton 2000.27 There are two fundamentally different types of relaxation, longitudinal

and transverse.

Longitudinal relaxation

Spin-lattice relaxation is a longitudinal relaxation process called T1. This relaxation process

describes the time it takes for the magnetic moment along the direction of the applied

magnetic field, conventionally the z-axis, to return to equilibrium. The value of T1 can

be measured using an echo-detected (Subsection 1.4.3) inversion recovery experiment in



12

which a preparatory π pulse is used to knock the magnetic moment of the electron spins

into the −z direction. After some time T , a pulse sequence of π/2− τ − π−echo is applied

(Figure 2.3). The measured echo amplitude is recorded as a function of the delay T between

the preparation π pulse and the detection sequence. The recorded echo amplitude reaches

maximum and levels off, indicating that the populations of the two states involved have

reached equilibrium, as the highest number of spin packets are recorded at the maximum

echo amplitude.

Spectral diffusion

Spectral diffusion arises from the stochastic flips of coupled nuclei and electrons causing

changes in an electron’s resonance frequency during the time it takes to perform the pulse

sequence. This results in incomplete rephasing of electron spins, which manifests as lower

inversion recovery and a decreased phase memory time. This phenomenon encompasses

many different types of relaxation.

Instantaneous diffusion

Instantaneous diffusion is a special type of spectral diffusion that arises from spin flips

introduced by microwave pertubations. When there is sufficiently large spin concentration,

one must consider the effects of instantaneous diffusion on relaxation. The effect arises from

coupling of two spins, A and B. For a given A spin, the coupling to nearby B spins varies

based on the distance of the two spins. Thus when B spins are flipped by a pulse, the A

spin experiences different dipolar couplings from the B spins. This causes the distribution

of the precession frequencies of the A spins to widen. This moves some excited A spins and

manifests as an echo of lower amplitude.
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Phase memory time

The phase memory time TM in EPR is akin to the T2 in NMR. As opposed to NMR, in which

T2 measures just transverse relaxation, TM encompasses a variety of relaxation mechanisms

that cause dephasing of electron spin packets, including nuclear spin diffusion, instantaneous

diffusion, and spectral diffusion. It is possible to limit the types of relaxation mechanisms

experienced by the sample—and thereby slow down the system’s relaxation—by lowering

the temperature, decreasing spin concentration, decreasing the level of matrix protonation,

degassing, introduction of glassing agent, amongst many other techniques.

The phase memory time describes the timescale over which electron spins remain coherent

in the xy-plane. There are a few methods for measuring a sample’s TM, but the most

straightforward is the Hahn echo decay experiment. In such an experiment, the two pulse

Hahn echo pulse sequence π/2 − τ − π − τ − echo is applied to the system, and the echo

amplitude is recorded as a function of the sequence length 2τ . Generally, the phase memory

time is extracted by fitting a stretched exponential of the form V (2τ) = V0 · exp[−(2τ/TM)x]

to the echo decay such that TM is equal to the point in time when the echo has decayed

to 1/e of its amplitude at V0. Here, x is the stretching factor and typically has a value of

1.5–3.28

Some of the major contributors to decoherence include nuclear-spin-driven electron-spin-

decoherence, methyl rotations, and instantaneous diffusion. Nuclear-spin-driven electron-

spin-decoherence will be addressed in depth in Chapter 2. Briefly, it is a decoherence

mechanism resulting from the coherent flip-flop of nuclei interacting with the unpaired elec-

tron spin. Methyl rotations and librational motions of the molecule can also contribute to

dephasing of the electron spin packets resulting in time-dependent fluctuations in the local

field experienced at the electron.
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1.2.7 The Spin Hamiltonian

Combining the interactions discussed above, we can get the total spin Hamiltonian:

Ĥ = ĤEZ + ĤNZ + ĤHF + ĤNQI (1.7)

It is worth nothing that for systems of S = 1/2 at typical magnetic fields (0.3 T or larger),

ĤEZ dominates the Hamiltonian. As such, for many systems of S = 1/2, the full system can

be modeled simply by the electron Zeeman interaction.

1.3 Instrumental Components

To the uninitiated, a daunting aspect of mastering EPR spectroscopy is familiarizing oneself

with the instrumental setup. The intent of this section is to familiarize the reader with the

individual instrument components involved in EPR spectroscopy, and to understand the re-

lationships amongst various components. For a more in-depth discussion of instrumentation,

see Reijerse and Savitsky 2017.29

Besides the magnet itself (which, for most EPR applications, is an iron-core electromagnet

controlled via a Hall probe), the most important aspect of any EPR setup is the microwave

bridge. The bridge is the source of the microwave radiation in both CW and pulse dipolar

EPR spectroscopy. There are several frequency bands at which EPR is performed: 3 GHz

(S-band), 9.5 GHz (X-band), 34 GHz (Q-band), 95 GHz (W-band), and 130 GHz (D-band).

The major internal features of the bridge are the microwave source, the signal arm, the

reference arm, and the detector.

Figure 1.6 shows a block diagram of a typical CW EPR spectrometer. In CW spectrometer

setups, the microwaves are produced at the source and split into two paths: the reference arm

and the signal arm. The microwaves in the signal arm go through a circulator or a directional

coupler30 and travel in a waveguide down to the resonator, which houses the sample between

the magnet’s poles. The coupling of the waveguide to the resonator is controlled by the iris

screw. This a screw that is raised or lowered to reach ideal coupling between the resonator
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Figure 1.6: Block diagram of a typical CW EPR spectrometer. The three main arms of the

spectrometer, the signal, reference, and detection arms are highlighted in pink, teal, and

purple, respectively.
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and waveguide. The resonators typically used in CW EPR spectroscopy maximize the B1

field at the sample active volume, which subsequently minimizes the E1 field at the same

volume. The coupling between the waveguide and resonator is adjusted with an iris screw

to either be critically coupled (in the case of CW) or overcoupled (as is desired in most

pulse dipolar EPR experiments). When the resonator is critically coupled, the iris screw is

adjusted such that no power at the frequency resonant with the resonator cavity is reflected

backwards. If this condition is met, no microwave power will be reflected from the resonator

up the waveguide absent an EPR transition. In the case of pulse dipolar EPR experiments,

the resonator is overcoupled to broaden the frequency bandwidth of the resonator because a

broader frequency range is required to excite the full spectrum.

Absorption in the sample changes the coupling between resonator and waveguide such that

some microwave power is reflected up the waveguide and is combined with the power from

the reference arm. The microwaves along the reference arm go through a phase shifter to

ensure they are in phase with the reflected power from the signal arm. The two paths rejoin

for detection at the detector before being amplified, digitized, and sent to the acquisition

computer.

While the CW EPR experiment is an absorption, the spectrum is usually shown as a first

derivative. This is a result of the use of a lock-in amplifier, which aids in the detection of

signal from noisy sources. The lock-in amplifier is used in conjunction with field modulation

to improve the signal extracted in the EPR experiment. It is not employed in pulse EPR.

Moving from CW spectrometers to pulse spectrometers, the console becomes much more

intricate. Pulse EPR requires the generation of microwave pulses guided by the console’s

connection to the waveform generator. It is becoming increasingly common for the microwave

pulses to be generated by an arbitrary waveform generator (AWG). The benefit of the AWG

is that shaped pulses have more uniform excitation bandwidths than rectangular pulses do.

These pulses are powered by an additional amplifier, which is either a high-power traveling

wave tube (TWT) amplifier or a medium-power solid-state amplifier.
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1.4 EPR Experiments for Structural Biology

1.4.1 CW EPR

CW EPR is a highly useful technique for a large swath of biological studies.4,6, 31 Many

significant biological processes involve metal clusters in metalloenzymes, whose local metal

coordination and redox state can be determined through CW EPR. Electron transfer chain

processes can be studied via CW EPR, as well as a host of redox reactions. EPR is somewhat

unique in that it is very selective and cannot detect anything besides paramagnetic species.

This means very specific information about local environments can be determined. For

example, Fe−S clusters have such specific g-values that it is possible to determine cluster

composition (e.g. 2Fe−2S or 4Fe−4S), local coordination (e.g. Rieske or ferrodoxin), and

redox state (for example, a [2Fe−2S]2+ has spin S = 0 and is thus EPR-silent, while a

[2Fe−2S]+ has spin S = 1/2 or 9/2 and is EPR-active) from CW EPR.16–19 Researchers

interested in exploring metal loading efficiency can use the second integral of the CW EPR

spectrum to perform spin quantification.4

Additionally, the specificity of detection allows for CW EPR measurements to be conducted

in-cell, given protein over-expression.32 EPR on rotationally mobile spin labels can provide

insight into local structural order or disorder, particularly within cell membranes or on

proteins before and after a binding event.33 This can be used to monitor a conformational

change or binding event. CW EPR can also be used to estimate distances between two

paramagnetic centers in proteins.34

Many systems can be investigated at room temperature with CW EPR, but transition metals

often require cryogenic temperatures to reach a polarization level that can be probed, and

more importantly, lowering temperatures extends coherence, as metals have very short T1

and TM values at room temperature.
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Figure 1.7: The Hahn echo pulse sequence is the foundation of many other pulse EPR

experiments. In this pulse sequence, a π/2 pulse is applied, knocking spins from alignment

with the external magnetic field into the xy plane. After some time τ , a π pulse is applied,

causing an inversion of the spins in the xy plane. The echo is collected at time τ after the

π pulse.

1.4.2 Pulse EPR experiments

Due to the selectively of EPR to paramagnetic systems, it can provide incredibly illuminating

information about the system. For example, sparse distance measurements from pulse EPR

can be used in conjunction with computational methods to model protein structures to obtain

structures that are difficult to elucidate by other methods.

Fundamental Pulse EPR Experiments

The Hahn echo is one of the cornerstone experiments of pulse EPR, and it is one of the

more straightforward ways to describe what is measured in pulse EPR. The Hahn echo pulse

sequence π/2− τ − π− τ−echo is below (Figure 2.3).

Upon application of an external magnetic field on a paramagnetic sample, the magnetic

moments of the spins are aligned with the external magnetic field, which is conventionally

designated the z direction. The spins are knocked into the xy plane by the application of

the π/2 pulse. Since the spin packets all exist in slightly different local microenvironments,

they precess at different frequencies. During the interpulse delay τ , the precessing spins will

spread out based on their precession frequency, from fastest to slowest. The π pulse will

cause the fastest spin packets to exchange places with the slowest spin packets. During the
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next delay τ , the high- and medium-frequency precession spins catch up with the slower

low-frequency precession spins. This phenomenon is called refocusing, and is the point at

which the EPR signal is detected in what is called the echo.

When the integrated Hahn echo is recorded at various magnetic field values, we call this the

echo-detected field sweep (EDFS). Unlike CW EPR experiments, the EDFS is recorded as

an absorption.

Another experiment that utilizes the Hahn echo pulse sequence is the Hahn echo decay, from

which the phase memory time TM can be extracted (Subsection 1.2.6). In this experiment,

the integrated echo is recorded for increasingly large values of τ . This means the echo

amplitude is recorded as a function of 2τ .

1.4.3 Advanced Pulse Dipolar EPR Experiments

There are numerous pulse sequences that go beyond the Hahn echo, although they all utilize

detection of the refocused spins at the echo. The remainder of this section will discuss

experiments that are of significance for structural biology and biophyics.

Inversion recovery experiments are used to determine the spin lattice relation time T1. In

these experiments, the magnetic moment along the z axis is monitored by varying the delay

time T in the pulse sequence π− T − π/2− τ − π− τ − echo. This informs the researcher

how long the spins stay excited before they return to the ground state (i.e. realign with the

external magnetic field). This is important information for selecting overall pulse sequence

lengths.

In addition to knowing the relaxation behavior of a paramagnetic system, it is important for

researchers to know the ideal pulse lengths to achieve the desired pulse flip angles. To do

this, a nutation experiment (also called a Rabi experiment) is used. An inversion pulse is

applied and after a delay the sequence π/2− τ − π− τ − echo is applied to the sample. The

inversion pulse is varied in length. The echo signal oscillates; this Rabi oscillation reaches a



20

minimum when the spins have been inverted 180◦.

Often, structural biologists and biophysicists turn to EPR to answer structural questions,

such as conformational change upon a binding event, in systems that are not well-suited to

other structural characterization techniques. Perhaps the most well known amongst the nu-

merous pulse dipolar EPR methods for structural characterization is double electron–electron

resonance (DEER) spectroscopy. In this experiment, the time-domain dipolar coupling be-

tween two paramagnetic centers on a protein or polypeptide is probed and, through numerical

methods, a full-ensemble probability distribution can be extracted. The underlying princi-

ples behind this experiment can be understood through an analogy using bar magnets. If

two bar magnets are held close together, they will experience a strong attractive or repulsive

force. If the bar magnets are far apart, the attraction or repulsion will be weak. In the

DEER experiment, the attraction or repulsion experienced by one paramagnetic center (bar

magnet) upon a 180◦ inversion of the other paramagnetic center is measured. Typically the

4-pulse sequence: π/2 − τ1 − π − τ1 + T − πpump − τ2 − T − π − τ2−echo is used. In this

sequence, the pump pulse is applied at a different frequency than the other three observer

pulses. A more complete explanation of the DEER experiment can be found in Chapter 3.

One technique to elucidate hyperfine coupling information is electron spin echo envelope

modulation (ESEEM). There are two common ESEEM pulse sequences, the two- and three-

pulse ESEEM experiments.35 When performing hyperfine spectroscopy there are three hy-

perfine coupling regimes to consider: the weak, the intermediate, and the strong. The weak

coupling regime occurs when the magnitude of the hyperfine is less than two times the mag-

nitude of the Larmor frequency, that is |A| < 2|νLarmor|. Upon Fourier transformation of the

time domain hyperfine spectroscopy data, resonances will be centered around νLarmor of the

nucleus and split by |A|. The intermediate coupling regime occurs when the magnitude of

hyperfine coupling is approximately equal to twice the magnitude of the Larmor frequency,

|A| ≈ 2|νLarmor|. Like many cases of intermediate regimes, the intermediate hyperfine cou-

pling regieme is difficult to study. Finally, the strong (hyperfine) coupling regime occurs
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when |A| > 2|νLarmor|. Peaks will appear in the frequency domain with resonances centered

around |A|/2 and split by 2|A|.

In two-pulse ESEEM, the time incrementation occurs with the spins in the xy plane, thus

the length of trace recorded is TM dependent.

In three-pulse ESEEM, the time incrementation occurs with the spins in the −x direction,

which means the length of the trace you can record is T1 dependant. The general goal of the

experiment is to determine the hyperfine coupling of magnetic nuclei to the paramagnetic

center. The pulse sequence is π/2 − τ − π/2 − T − π/2 − τ − echo. The first two π/2

pulses are called the preparation pulses, in which electron coherence is transferred to nuclear

coherence. The evolution time T is varied and the third π/2 pulse prepares the electron

spins echo detection by transferring the nuclear coherence that has evolved during T back to

electron coherence. A major limitation of three-pulse ESEEM is blindspots, that is τ depen-

dence on the three-pulse ESEEM spectrum that can obscure features at certain frequencies.

Additionally, there is often too much broadening from non-preserved nuclear coherence to

assign nuclei specifically.

Four-pulse ESEEM improves experimental resolution, although it also results in blindspots.

This experiment is typically done in two dimensions and is known as hyperfine sublevel corre-

lation (HYSCORE) spectroscopy. HYSCORE utilizes the conversion from electron coherence

to nuclear coherence, evolution, and back-conversion from nuclear coherence to electron co-

herence that is common to many ESEEM experiments. The difference from three-pulse

ESEEM is that T is split into t1 and t2 by a mixing π pulse. The nuclei evolve after

the preparation pulses, and then nuclear coherence is transferred to nuclear coherence by

the mixing pulse, followed by the second evolution t2 and the detection π/2 pulse seen in

three-pulse ESEEM. HYSCORE is a two-dimensional experiment as t1 and t2 are varied

independently. This aids in improving resolution, although τ dependent blindspots are still

seen in the two-dimensional HYSCORE spectrum.
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These are just a select few of the numerous EPR experiments that may be of use to for

structural biology applications. Goldfarb-Stoll5 is a very useful resource for more in-depth

discussions of all the pulse EPR experiments discussed above.

1.5 Summary

EPR spectroscopy is highly useful for myriad applications to paramagnetic systems. Its use

in structural biophysics, quantum information processing, electrochemistry, and other areas,

in addition to its selectivity to paramagnetic signals, make EPR an important spectroscopic

technique. Methodology studies are of great importance to drive the field forward. The

work detailed in the following chapters focuses on how experimental and sample conditions

affect measurement of EPR. Chapter 2 investigates the decoherence behavior of a variety

of organic radicals in frozen solution with varied sample matrix composition. Chapter 3

presents a rigorous experimental investigation of spin label contributions contributions to

the P (r) obtained in the DEER experiment. Chapter 4 briefly touches on an applied

EPR project that determined the coordination of a novel iron-sulfur cluster involved in iron

homeostasis.
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Chapter 2

ELECTRON SPIN DECOHERENCE BEHAVIOR IN FROZEN
SOLUTIONS

This chapter describes an investigation of the effect of the sample matrix on dipolar EPR

spectroscopy, done in collaboration with Samuel M. Jahn, another graduate student in the

Stoll group. Some of this work has been published.36 This study is based upon the fact that

the distance resolution of the DEER experiment is limited to the length of the experimental

time trace, which is governed by the phase memory time TM of the paramagnetic center

of interest. The TM of a molecular spin system is akin to the T2, or spin–spin relaxation

time, the time for the spin to return to equilibrium in the plane perpendicular to the applied

magnetic field. The main difference between TM and T2 is that TM also encompasses the

relaxation from magnetic field inhomogeneities.37

Long TM values are sought after in pulsed dipolar spectroscopy. A long TM value means a

longer distance can be measured in a protein.38 The significance of decoherence behavior

extends beyond measuring coarse-grain protein structure. Additionally, there are some sys-

tems, such as spin labeled proteins in a cell membrane, that suffer from extremely short phase

memory times. Extending the time over which the spin labels are coherent will extend the

limit of in-cell EPR measurements. An in silico prediction for TM values before synthesizing

molecular spin qubits guide site selection for spin labeling proteins for course grain structure

determination with EPR.

This chapter presents our recent work on an experimentally validated quantitative prediction

method for decoherence behavior of small molecular spin centers in solution.36 This work is

foundational to the ultimate goal of in silico prediction of decoherence behavior of spin labels
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Figure 2.1: Vector model of nuclear spin driven electron spin decoherence. Before

application of the π pulse, the hyperfine field Bhf is aligned parallel to the external

magnetic field B0, and the nuclear field Bnn is at some direction from the external field.

The π pulse inverts the magnetic moment of the spin (from α to β or vice versa), and as

such causes a change in the hyperfine field Bhf such that it is aligned antiparallel to the

external field.

on a protein. Optimal in silico selection of sites for spin labeling will reduce experimental

troubleshooting in the event that the rate of decoherence is too fast to measure the distance

between the two spin labels.

2.1 Nuclear-spin-driven electron spin decoherence

At sufficiently low temperatures and electron spin concentrations, electron decoherence is

driven by nearby nuclear spins.39,40 This mechanism is historically called nuclear spin diffu-

sion, and has been described in a semi-classical manner as arising from stochastic, energy-

conserving flip-flops of pairs of nuclei coupled to an electron. These flip-flops cause spectral
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diffusion of resonance frequencies of the electron spins, leading to decoherence.41–43 The

issue with this semi-classical picture is that it is not predictive and gives no insight into the

physical origins of the assumed flip-flop rate.

A potentially more descriptive understanding of the effect described in the previous para-

graph, which will be called nuclear-spin-driven electron spin decoherence in this work, is

shown in Figure 2.1 Before application of the π pulse, the hyperfine field at the nucleus is

along the direction of the applied magnetic field. Upon the application of the π pulse, the

hyperfine field is anti-parallel to the applied magnetic field. This results in a tilt of the local

magnetic field and causes the nucleus to precess, thus creating a time dependent magnetic

field on the electron with components for each nuclear Larmor frequency. The phase accu-

mulation before the π pulse is incomplete, which reduces the intensity of the refocused spins

at the time of the echo.

The overarching goal of this project is to optimally select spin labeling sites for structural

measurements. The work described in this chapter gives experimental validation of a first-

principles-based model for in silico prediction of TM for molecular spin qubits that utilizes

the couple cluster expansion method. This method builds on the single-crystal method

for TM prediction from Witzel and coworkers and extends it into glassy solutions.44 It

has previously been applied in the crystalline solid state to systems such as copper(II) β-

diketonate complexes.45

Our first-principles based description of electron dephasing results in a simple stretched

exponential of the form

V (2τ) = V0 · exp[−(2τ/TM)x] (2.1)

with a stretching factor x between 2 and 3. In Equation 2.1, τ is the inter-pulse spac-

ing, x is the stretching factor mentioned above, and TM is the phase memory time of the

electron. A stretching factor above two has been proposed to be indicative of nuclear spin

diffusion mechanisms, while a stretching factor below two is attributed to nuclear motion

mechanisms—such as molecular rotation or tumbling.45



26

Figure 2.2: The organic radicals used in this study. Left to right: TEMPO, d18-TEMPO,

p1TAM.

2.2 Methods

Three organic radicals were used to investigate the effects of sample matrix composition on

phase memory times of electron spins in dilute, frozen solutions.

2.2.1 Samples

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) was obtained from Sigma-Aldrich; 2,2,6,6,-

tetramethylpiperidine-d18-1-oxyl (d18-TEMPO) from CDN Isotopes; and the trityl radical

p1TAM was gifted to us by Dr. Valery V. Khramtsov and Dr. Benoit Driesschaert from

West Virginia University. Its synthesis was previously described (Figure 2.2).46 Glycerol

was used as a cryprotectant for all samples. Glycerol was purchased from Fisher Scientific,

d3-glycerol from Sigma Aldrich, and d5- and d8-glycerol were purchased from CDN Isotopes.

For the temperature series measurements, the concentrations of TEMPO, d18-TEMPO, and

p1TAM were approximately 200 µM, 100 µM, and 10 µM, respectively. These concentrations

were chosen to minimize decoherence effects from instantaneous diffusion (ID),47 which is

described by an exponential decay with decay time constant tID given by:48

V (2τ) = exp[−2τ/TID] (2.2)
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with the concentration c (in spins/m3) and the excitation efficiency η. Estimating η ≈ 0.25,

based off the bandwidth of the pulses, for TEMPO at Q-band gives tID of 80 µs for 100 µM

and 40 µs for 200 µM. Estimating η ≈ 1 for p1TAM, gives tID of 200 µs for 10µM. These are

all significantly longer than the experimentally observed timescale for complete dephasing of

electron spin (4− 5 µs).

For the deuteration investigation, only d18-TEMPO was used at a concentration of 5 µM

for a tID of approximately 1900 µs. The glycerol concentration series was conducted with

TEMPO in mixtures of TEMPO, H2O, and glycerol and the percent glycerol (w:w) varied

from 10% to 70%.

Samples for all other measurements were made with a water:glycerol (deuterated or not)

ratio of 1:1 (w:w), as this proved to be a sufficient concentration of cryoprotectant to prevent

aggregation effects from contributing to decoherence on the timescales of the nuclear-spin-

driven electron spin decoherence.

Q-band samples were prepared by transferring 30-50 µL of sample by syringe into 1.50

mm O.D. 1.10 mm I.D. quartz tubes (Sutter Instrument). For the X-band measurement

shown in the SI, ca. 100 µL of sample was transfered by syringe into a 4 mm O.D. 3 mm

I.D. quartz tube (Wilmad-LabGlass). The samples were snap frozen in liquid nitrogen over

approximately 10 seconds while gently shaking the submerged tubed in the nitrogen. The

samples above 40% glycerol were visually good optical glasses.

Measurement Conditions

The Q-band experiments (ca. 33.8 GHz, 1.2 T) were preformed on a Bruker Elexsys E580

spectrometer equipped with a Bruker D2 dielectric resonator. The microwave power was

amplified with a 300 W TWT amplifier (Applied Systems Engineering) or with a 10 W solid

state amplifier (many thanks to the Lorigan lab at Miami University Ohio for the loan). The

X-band experiment on d18-TEMPO was performed on the same spectrometer equipped with a

Bruker MD4 dielectric resonator and a 1 kW TWT amplifier (Applied Systems Engineering).
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Figure 2.3: The Hahn echo pulse sequence is perhaps the most straightforward way to

measure decoherence behavior. To do so, the pulse sequence π/2− τ − π− τ − echo is

used. The interpulse delay τ is incremented, and the echo amplitude is measured as a

function of 2τ .

The magnetic fields of the measurements were determined by taking the field value that

corresponded to the peak of the echo detected field sweep (EDFS). If there was a large out-

of-phase component at the maximum of the EDFS, the field was selected to minimize the

out-of-phase signal while staying sufficiently close to the maximum of the EDFS. Optimal

pulse lengths were selected from the first minimum of the Rabi oscillation. At Q-band,

the π/2 and π pulse lengths for d18-TEMPO, TEMPO, and p1TAM were: 10/20 ns, 26/52

ns, and 14/28 ns, respectively. The variations in optimal pulse length arise due to slight

differences in sample tube placement and geometry, sample filling, and resonator coupling

and profile. For the X-band measurement on d18-TEMPO, π/2 and π pulses of 14/24 ns were

used. The shot repetition times were not determined by inversion recovery experiments due

the long T1 values of the samples at 20 K. The timescale necessary to perform the inversion

recovery experiment at 20 K leads to issues of TWT gating. Instead, the shot repetition

times were sample and temperature dependent, determined by increasing the value of the

shot repetition time until there was no longer any change in recorded echo intensity, to avoid

T1 saturation. For the experiments at 20 K, typical shot repetition times were on the order

of 700 ms to 1 s for the p1TAM and TEMPO samples, and approximately 120 ms for the 5

µM d18-TEMPO.
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The Hahn echo decay experiment was performed using the pulse sequence π/2−τ−π−τ−echo

by varying τ . The minimum value of τ for d18-TEMPO and p1TAM was 250 ns and 200 ns

for TEMPO. At X-band, the minimum τ value was 400 ns. The maximum value of τ was

chosen to be sufficiently long such that 2τ was sufficient to capture the complete decay of

echo intensity.

2.2.2 Temperature series

To validate the couple cluster expansion model for electron dephasing, we used two nitrox-

ides and a trityl radical: h18-TEMPO, d18-TEMPO, and p1TAM in H2O and glycerol and

D2O and d8-gylcerol. We selected 50% (w:w) of glycerol:H2O or d8-glycerol:D2O to prevent

aggregation (Figure 2.5). The concentrations of the samples were chosen to minimize the

effects of instantaneous diffusion: 200 µM for h18-TEMPO in H2O, 100 µM for d18-TEMPO

in H2O, 10 µM for h18-TEMPO in D2O, 10 µM for d18-TEMPO in D2O, and unknown

concentrations for p1TAM due to solubility issues. We determined TM values by performing

Hahn echo decay experiments utilizing a π/2 − τ − π − echo pulse sequence (Figure 2.3),

where typical π/2 and π values were 10 and 20 ns, respectively. Measurements were taken

at Q-band (ca. 33.8 GHz), and temperature dependence from 20-60 K was investigated.

2.2.3 Deuteration series

The effect of bulk matrix deuteration was studied by measuring samples that were mixture

of 5 µM d18-TEMPO in 1:1 (w:w) H2O : glycerol and D2O : d8-glycerol. All measurements

were conducted at 20 K. The experiments were performed in the same manner as described

above, although with two separate echo decay experiments performed and stitched together

in order to measure the ESEEM oscillations at short times in the deuterated samples. The

first experiment was performed with a step size of 10 ns out to approximately 11 µs. The

second experiment was performed with a step size of 624 ns out to approximately 250 µs.
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2.2.4 Structure-based simulations

The structure-based quantum simulations were performed by Samuel Jahn. For a more

detailed description of the simulations, see Canarie, Jahn, Stoll 2020.36 First, a molec-

ular dynamics (MD) simulation was generated for each molecule of interest solvated in

water. The structures of the molecules used in this study were geometry optimized fol-

lowing Oganesyan.49 Density functional theory was performed using ORCA 4.0115 with the

B3LYP functional and the SV(P) basis set. After calculating the optimized geometry, atomic

charges were calculated with CHELPG (charges from electrostatic potentials using a grid-

based method). These charges were substituted into a CHARMM-GUI generated topology

file.

To perform the MD calculations, GROMACS with the CHARMM3650 and the particle mesh

Ewald method for long-range electrostatics was employed. The energy of the water molecules

around the water was minimized to generate the initial MD structure. As pure water and

1:1 (w:w) water:glycerol have approximately the same density at room temperature: 110.8

mol/L and 111.4 mol/L,51 respectively. The molecules were solvated exclusively with water.

The effect of snap freezing the sample was accounted for by propagating the structure at 300

K for 25 ns, followed by propagation at 100 K.52

The spin Hamiltonian used contained the electron Zeeman interaction; the sum over all

nuclear spins of the nuclear Zeeman interaction, the hyperfine coupling, the quadrupole

couplings; and the terms that couple different nuclear spins. All hyperfine couplings, except

14N, were calculated using the point-dipole approximation. The experimentally determined

hyperfine values for 14N were [−13.9,−13.9, 122.3] MHz53 and the quadrupole coupling tensor

e2qQ/h = 3.5 MHz and η = 0.68 were used.54

Explicit time propagation via integration of the Liouville–von Neumann equation was em-

ployed to simulated the Hahn echo decay. A home-written (S. Jahn) implementation of

the ensemble cluster correlation expansion (CCE) method was used.55,56 Previous work
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Figure 2.4: Illustration of coupled cluster expansion. The nuclei included in the simulation

are limited to a sphere around the electron (drawn as a circle). The nuclei are then broken

down into clusters of various sizes (teal areas), the signals from individual clusters are

simulated and combined in a product to produce the overall simulated signal.
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Figure 2.5: Investigation of aggregation behavior. The (w:w) percentage of glycerol is on

the horizontal axis. The vertical axis is the phase memory time TM. This demonstrates that

at least 40% (w:w) glycerol is needed to prevent aggregation from negatively impacting TM.

employing the CCE method has been done to successfully predict decoherence behavior of

paramagnetic defects and centers in crystals,45,57 however, it had not been used on systems

in solutions before this work. Briefly, this method breaks down a highly complex system of

nuclei coupled to an electron spin by truncating the system to only include nuclei within

radius R of the electron and clustering coupled nuclei within a distance of r0 of each other

(Figure 2.4). The contributions from each cluster of nuclei is taken and summed together

to make the total signal. The full description of the theory may be found elsewhere.58

2.3 Results

2.3.1 Glycerol series

The investigation of glycerol concentration’s (w:w) influence on phase memory time demon-

strates that 40-50% glycerol is necessary to prevent aggregation from contributing to electron

spin dephasing (Figure 2.5).The missing data points at 40% (w:w) glycerol in Figure 2.5

are worth noting. It was not possible to measure a 40% (w:w) sample of glycerol because cap-
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Figure 2.6: Experimental (black), simulated (red), and stretched exponential (SE) fits

(gray) decoherence behavior of the molecules used in this study. Experiments were

performed at at Q-band and a temperature of 20 K From top to bottom: p1TAM,

d18-TEMPO, TEMPO. The experiments were performed in 1:1 (w:w) H2O:glycerol.

illaries containing these samples exploded under freezing conditions, upon storage at −80◦C,

or while loading the samples into the spectrometer. While there is no compelling evidence

for the presence of a glass transition point in 40% glycerol solutions,51 there is also no thor-

ough investigation of glycerol–water mixture glass transitions at cryogenic temperatures to

my knowledge. This is a potentially interesting question for understanding the interaction

of cryoprotectant concentration, glass quality, and prevention of aggregation at cryogenic

temperatures.

2.3.2 Temperature series

To eliminate the interference of a relaxation mechanism other than nuclear-spin-driven elec-

tron spin decoherence, Hahn echo decays were measured on the three samples at 20 K

(Figure 2.6). In all cases, the coherence decays occur on a similar timescale and coherence
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Figure 2.7: Temperature series of echo decays in matricies of 1:1 (w:w) H2O and glycerol

(top) and D2O (bottom). The d18-TEMPO measurements are in the left column. The

TEMPO measurements are in the center column. The p1TAM measurements are shown in

the right column.

is completely lost within 12 µs. These decays can be fit well by a phenomenological fit using

a stretched exponential (shown in gray) of the form shown in Equation 2.1. In this equation

TM is the phase memory time and x is a stretching exponent. This stretched exponential form

is predicted by the semi-classical description of nuclear spin diffusion that uses stochastic

nuclear flip-flops to describe the loss of electron spin coherence.41,42

A temperature series from 20 K to 60 K was taken in steps of 10 K for the three or-

ganic radicals investigated. The high-temperature limit was based on the temperature below

which methyl rotation is no longer considered a major contributor to electron spin dephas-

ing (Figure 2.7).39,40 There is effectively no temperature dependence upon the decoherence



35

Figure 2.8: x vs. TM plot for the fits of the protonated matrix samples. The stretched

exponential is shown in stars, the sum of stretched exponentials are circles, and the

product of stretched exponentials are triangles. The color corresponds to the experimental

temperature where blue is 20 K and red is 60 K. The simulated parameters were extracted

from fitting a stretched exponential to the simulation and are shown in black.

behavior over the range of temperatures investigated, which is consistent with previous ex-

perimental results.39

The h18-TEMPO data did not produce a simple single stretched exponential, even though

instantaneous diffusion is negligible at 200 µM for protonated samples. We checked for in-

stantaneous diffusion by using softer (that is lower flip-angle) pulses, but the fits still yielded a

two-component shape for the echo decay experiment. We decided to take a phenomenological

approach and fit the data with a sum (SSE) and a product (PSE) of stretched exponentials:

VSSE(2τ) = V0,NSD · exp{−(2τ/TM)xNSD}+ V0,other · exp{−(2τ/TM)xother} (2.3)

VPSE(2τ) = V0 · exp{−(2τ/TM)xNSD} · exp{−((2τ)/TM)xother} (2.4)

Both of these approaches to fitting the experimental decays attempt to account for the

presence of two different decay mechanisms. There is literature precedence for using a SSE
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to fit Hahn echo decays.59 This approach assumes that different electron spins relax via

different mechanisms. The PSE approach is appropriate in the event that electron spins

decohere by two independent, yet simultaneous, mechanisms.

Figure 2.8 shows the temperature dependence of the fitting values of the phase memory

time TM and stretching exponent x extracted from using a SE (stars), SSE (circles), and

PSE (triangles) of the experimental traces. The fitting values of a SE to the simulation

are also shown in black. As the experimental TEMPO data needed a second component to

properly reproduce the experimental echo decay shape, the stretching exponents and phase

memory times of the nuclear-spin-driven decoherence fits were used (i.e. the fit values that

were closer to the simulation’s fit values were chosen), as a function of temperature. There is

little to no temperature dependence on the behavior of these systems. Neither the stretching

factors nor the phase memory times vary significantly over the temperatures investigated.

While there are small variations observed in the TEMPO fit values, these likely arise from

the dynamics of the methyl groups.

To further test the theory, we extended the measurements to d18-TEMPO in 1:1 (w:w)

D2O:d8-glycerol. Unfortunately, because we were aiming for internal consistency across

experiments, we initially chose to perform the d18-TEMPO in D2O measurement with a

concentration of 200 µM. This choice was unfortunate because instantaneous diffusion is

a much stronger effect in deuterated matrices than it is in protonated matrices. We were

able to fit the experimental data with a SSE and a PSE, although both components of the

SSE were more consistent across the temperature range studied than they were for the PSE.

The second component of the SSE fit matched instantaneous diffusion and accounted for

approximately 80% of the experimental amplitude. Excitingly, however, the SSE parameters

matched the simulated parameters well. This indicates that it is possible to calculate instan-

taneous diffusion’s contribution to electron dephasing and sum it with NSD’s contribution

to simulate the full echo decay.

We performed an additional validation of the theory using a trityl radical, p1TAM (Figure
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Figure 2.9: Experimental (black) X-band echo decay of 10 µM d18-TEMPO in 1:1 (w:w)

H2O:glycerol and the corresponding MD/CCE model simulation (red). Decays were scaled

to the same amplitude at 2τ = 400ns.

2.2).46,60 This structure was of interest, as the methyl groups have more spatial separation

from the radical than they do in the TEMPO. The concentrations of the p1TAM samples were

unknown due to solubility issues. Again, we found a nearly perfect stretched exponential for

p1TAM in 1:1 (w:w) H2O:glycerol. Unfortunately, we again saw a two-component system,

and again, one component could be explained by instantaneous diffusion and the other

matched the simulation.

2.3.3 X-band echo decays

To validate the efficacy of the simulation method used on the Q-band samples at other fre-

quencies, a sample of 10 µM d18-TEMPO in 1:1 (w:w) H2O:glycerol at X-band (ca. 9.6

GHz). The good match between the experimental echo decay and the simulation (Figure

2.9) demonstrates that the model accurately predicts decoherence behavior at multiple mag-

netic field strengths.



38

2.3.4 Deuteration series

As many biological EPR studies are done in a deuterated matrix, we investigated the effect

of sample matrix conditions on the decoherence behavior of organic radicals, bulk matrix

deuteration was investigated. The samples were mixtures of 5 µM d18-TEMPO in (1:1)

H2O:glycerol and D2O:d8-glycerol that ranged from 0% to 100% bulk detueration. These

samples will be referred to as the bulk samples for the remainder of this chapter. As is evident

in Figure 2.10, there is not a large effect of bulk matrix deuteration on phase memory time

before approximately 90% bulk deuteration is reached. There is a sharp uptick in the phase

memory time by small changes in bulk matrix deuteration above 95% bulk deuteration.

As most biological samples are protonated in a deuterated matrix, an investigation of the

deuteration of exchangeable and non-exchangeable hydrons was performed. These samples

were 5 µM d18-TEMPO in mixtures of either D2O, d5-glycerol, and d8-glycerol (exchange-

ables) or D2O, d3-glycerol, and d8-glycerol (nonexchangeables). The simulations predict that

deuteration of the exchangeables will increase the phase memory time relative to the bulk

samples and that deuteration of the nonexchangeables will decrease the phase memory time

relative to the bulk samples, even at the same overall bulk matrix deuteration. This trend

is observed experimentally, although to a lesser extent than is predicted by the simulations

(Figure 2.10). The differences between the exchangeable and nonexchangeable data make

sense as nuclear-spin-driven electron spin decoherence arises from pairs of coupled nuclei.

The hydrons that are deuterated in the exchangeable samples are closer in proximity, and

thus have a stronger coupling, than those in the nonexchangeable samples.

2.3.5 Doubly labeled proteins

Figure 2.11 shows the extracted phase memory times of three different sets of site pairs

on maltose binding protein (MBP) in a 1:1 (w:w) deuterated buffer and d8-glycerol matrix.

The site pairs are D41X/S238X, S211X/T345X, and S238X/T345X, where X indicates the

spin label side chains: R1, R7, V1, M1, and I1 (Figure 3.1. Details about the samples
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Figure 2.10: Deuteration series. The full range of bulk deuteration for the exchangeable

hydron samples (circles), the bulk deuteration samples (triangles), and the

nonexchangeable hydron samples (squares). Inset, a zoom-in looking at the phase memory

times for samples with 90-100% bulk deuteration. The vertical axes ranges of the main

figure and inset are the same. The horizontal axis of the inset is also bulk detueration (%).



40

Figure 2.11: Comparison of TM values with different spin labels at the same site pairs on

maltose binding protein. R1 is shown in red, R7 is shown in orange, V1 is shown in green,

M1 is shown in blue, and I1 is shown in purple. The darker colors are the apo TM values

and the lighter colors are the holo TM values. The protein concentration was ca. 50 µM in

a 1:1 (w:w) buffer of deuterated DEER buffer (see Appendix 5) and d8-glycerol.

are discussed in Chapter 3. These experiments were chosen to demonstrate that at 50

K, there are not significant differences in the phase memory time amongst the five spin

labels, although generally the M1 and I1 sidechains demonstrate slightly longer (on the

order of hundreds of nanoseconds to a few microseconds) phase memory times than the R1

and R7 sidechains, which can be attributed to the added distance from the proton-dense

protein sidechain of the proxyl spin labels relative to the methanesulfonothioate spin labels.

The lack of large variance in phase memory time is consistent with the deuteration matrix

predictions. One might expect the different steric hindrances of the spin labels to contribute

to the local micro-environment and contribute differently to the electron spin relaxation. As

we have seen above, however, unless the bulk system is more than about 90% deuterated,

the contribution of the local environment to phase memory time is negligible (Figure 2.11).
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2.4 Conclusions

This chapter presented both experimental and theoretical investigations into nuclear-spin-

driven electron spin decoherence. First, a quantum calculation method that begins with

a simple molecular structure was used to quantitatively predict phase memory times of

organic radicals in solution. In combination with the experimentally validated simulations,

the ability to examine decoherence effects due to individual nuclei greatly enhances insight

into the structural origins of nuclear-spin-driven electron spin decoherence. As mentioned,

this decoherence mechanism has traditionally been described semi-classically by a stochastic

process of nuclear flip-flops involving pairs of surrounding nuclei, with an ad hoc flip-rate

constant. Within the quantum model presented herein, however, electron spin decoherence is

the result of a coherent, deterministic evolution of a large ensemble of nuclear spins coupled

to each other and to the electron spin.

Next, this predictive work was extended to phase memory times of an organic radical in

matrices of varying deuteration concentrations. The quantitative models, in concert with the

experimental validation, provide strong evidence for the importance of matrix deuteration.

Furthermore, it is possible to separate out the contributions of exchangeable versus non-

exchangeable deuterons in glycerol. We find that deuteration on d5-glycerol has more impact

in increasing phase memory time than deuteration on d3-glycerol does.

The findings that greater than 90% bulk deuteration has the most effect on phase mem-

ory time is consistent with what is seen experimentally in a doubly labeled protein sample

(Figure 2.11). The work outlined in this chapter represents a significant step towards

quantitative in silico phase memory time predictions.
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Chapter 3

BACKING OUT THE BACKBONE: SPIN LABEL
CONTRIBUTIONS TO DOUBLE ELECTRON–ELECTRON

RESONANCE SPECTROSCOPY

The project presented in this chapter describes a multi-spin label approach to obtain more

precise backbone information from the DEER experiment. This work provides a direct

comparison of commonly used spin labels. The dataset provided in this chapter will be used

for robust validation of in silico spin labeling softwares.

3.1 DEER Spectroscopy

From muscle contraction to photosynthesis, protein motion governs life. Understanding pro-

tein motion and conformational change is a hugely important and broad area of research.

Double electron–electron resonance (DEER) spectroscopy42,61,62 is one technique for observ-

ing conformational change of proteins in native-like environments on a coarse-grain level to

sub-̊angstrom resolution. Using DEER, it is possible to measure long-range distances (20–80

Å) by measuring the through-space dipolar coupling of two stable radicals on the protein,

usually obtained by attaching stable radicals, or spin labels, via site-directed spin labeling

(SDSL).63

While there are many techniques for probing protein structure and conformational change,

DEER is uniquely situated to provide information for systems where other techniques have

limited efficacy. DEER is a distinct complement to other structural techniques as it provides

a full probability distribution of distances, P (r), which captures the entire conformational

landscape of a protein in frozen solution and overall flexibility of the protein structure.64,65
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The full ensemble P (r) obtained via DEER is particularly advantageous in studying large,

flexible proteins and integral membrane proteins, where mapping conformational motion

involves probing very small changes, which can have a large effect on system function.66

The DEER experiment requires the presence of two (or more) radical centers.42,61,62 As

most proteins lack a native paramagnetic center, the radicals are usually added to the sys-

tem via site-directed spin labeling (SDSL).67–69 Nitroxide radical centered spin labels are

most commonly used in DEER (Figure 3.1) and are attached to a Cys residue at the site

of interest on the protein. The spin label binds to the protein backbone via a disulfide bond

(R1, R7, V1) or a thioether bond (I1, M1). Before binding to the backbone, the spin labels

are called: S-(1-oxyl2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfono-

thioate (MTSL); 4-bromo-(1-oxy-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfon-

ate (BrMTSL); bis-(2,2,5,5-tetramethyl-3-imidazoline-1-oxyl-4-il)disulfide (IDSL);60,70 3-(2-

iodoacetamido)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy (IAP);71 and 3-maleimido-2,2,5,5-tet-

ramethyl-1-pyrrolidinyloxy (MAP).72 The most commonly used spin label is MTSL (some-

times called MTSSL).73 There has also been much effort focused on synthesizing metal-

centered spin labels, particularly with Gd and Cu,74–76 as well as on labels for in vivo stud-

ies.46

As is evident in Figure 3.1, commonly used spin labels have several rotatable bonds. The

extracted distance is not the desired backbone Cβ−Cβ distance, but the nitroxide–nitroxide

distance. This is a combination of the protein’s flexibility as well as the flexibility of the

spin label. Therefore, for structural biologists to extract reliable backbone information from

DEER experiments, they must include both protein and spin label dynamics in their struc-

tural models. While much work has been done on investigating the contributions of spin

labels to the shape of the P (r) extracted from the DEER experiment, it has primarily been

in silicio work modeling possible spin label rotamers with crystal structures.77–81
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Figure 3.1: Nitroxide spin labels used in this thesis work bound to a fraction of an α helix

(PBDID: 1KQL). From left to right R1 (MTSL), R7 (Br-MTSL), V1 (IDSL), M1 (MAP),

I1 (IAP).

Figure 3.2: The DEER experiment. Left, the four-pulse DEER sequence, with a pulse

sequence of π/2− τ1 − π− τ1 + τ2 − echo at the observer frequency ωA (purple) and a

pump π pulse with frequency ωB (pink) applied at time τ1 + t after the first π observer

pulse is applied. Center, the time domain oscillatory DEER signal. Right, the extracted

P (r) from the DEER simulation.
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3.1.1 Origins of the DEER Signal

The DEER P (r) arises from the through-space dipolar coupling of two stable radical centers

that have been attached to the chosen protein sites.42,67 The strength of this interaction

is proportional to 1/r3, and is probed by placing the spin labeled protein in an external

magnetic field, B0, and applying microwave pulses at an observer frequency, ωA, and a pump

frequency, ωB. The change in the local magnetic field experienced by the observer spins

upon a change of the magnetic moment of the pump spins is recorded by varying the time at

which the pump pulse is applied and recording the integrated echo intensity. This produces

an oscillatory time-domain signal with information about the full ensemble of distances

encoded into the oscillations. As the process by which the conversion must be done is ill-

posed mathematically, the time domain signal must be converted to the distance domain by

numerical methods. This is most commonly done by utilizing Tikhonov regularization,82,83

although this is still a major field of study.84,85

While there are several different pulse sequences used in DEER, the most common is the

four-pulse DEER sequence (Figure 3.2).86,87 The magnetic moments of the spins are ini-

tially aligned with the external magnetic field (conventionally the z-direction). Upon the

application of a π/2 pulse at the observer frequency, ωA, the magnetic moments of the spins

are knocked down into the xy-plane. They precess in the xy-plane for a time τ1, at which,

a π pulse at ωA is applied causing an inversion of the the magnetic moment vectors in the

xy-plane. Due to the inversion in the xy-plane, those with the highest precession frequency

will catch up to those with the lowest precession frequency at time τ1. Then at time τ1 + t,

the pump π pulse is applied at the pump frequency ωB. This inversion of the pump mag-

netic moment vectors causes a change in the precession frequency of the observer spins. The

observer magnetic moments precess for time τ2− t after the pump pulse, at which point the

final refocusing π pulse is applied at ωA. After time τ2 the echo amplitude is integrated over

its full width at half maximum (FWHM) of the echo and is recorded.88

The change in the local magnetic field experienced by the observer spins is tied to the
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magnitude of the through-space dipolar coupling and is measured as the integrated spin

echo as a function of the time at which the pump pulse is applied.2 Since there are, however,

many spin labeled proteins near each other, the experimental time-domain signal, V (t), is a

product of the intramolecular distances, in this work called the foreground signal Vintra(t), and

the intermolecular distances, which is referred herein as the background signal Vinter(t):
42,87,89

V (t) = V0 · Vintra(t) · Vinter(t) (3.1)

where V0 is the unmodulated echo intensity. The background signal takes the form of a

rather simple stretched exponential decay function

Vinter = exp(−k|t| D/3) (3.2)

in which D is the dimensionality of the system, which for the cases outlined in this work, will

always be 3; k is a decay rate with units of µs−1 (provided D = 3); and t is the time at which

the pump pulse is applied after the first observer π pulse. Understanding and isolating the

background is an active field of research.82–84,90 There is also new evidence for an additional

phase factor in DEER experiments for systems with significant spin polarization,91 but those

cases are outside the scope of this work.

The foreground signal is rather more complicated than the background signal and arises from

the efficiency of the pump pulse, λ, and the intramolecular dipolar modulation function, S(t):

Vintra = (1− λ) + λ · S(t) (3.3)

Since λ describes the efficiency of the pump pulse at flipping the pump spins, it must take

a value such that 0 ≤ λ ≤ 1. For A–B spin pairs with S = 1/2 in a glass or powder, the

intramolecular dipolar modulation function is described by the integral of the dipolar kernel,

which is dependent on the intramolecular spin distance r and the timing of the pump pulse

t, and the probability distribution P (r):
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S(t) =

∫ ∞
0

dr ·K(t, r) · P (r) (3.4)

The dipolar kernel K(t, r) relates the distance distribution to the evolution of dipolar cou-

pling for all spins:

K(t, r) =

∫ π/2

0

dθ · cos[(1− 3 · cos2θ) · ω⊥(r) · t] (3.5)

The angle between the external magnetic field and the inter-spin distance vector r is θ. The

perpendicular dipolar angular frequency ω⊥(r) is given by:

ω⊥ =
µ0

4π
· µ

2
B

~
· gAgB
r3

(3.6)

There are a few important takeaways from Equation 3.6. First, ω⊥ is described by the g-

factors of the A and B spins and it is proportional to 1/r3. Second, it is the 1/r3 dependence

that makes it possible to measure longer distances with DEER than with other techniques

like nuclear Overhauser effect NMR and Förster resonance energy transfer (FRET), where

the distance dependence is proportional to 1/r6 ,92,93 thus the signal decays faster than it

does in DEER. Third, the frequency of the oscillation is proportional to the inverse cube of

the distance between the A and B spins, gA, gB; for a large distance r the frequency of ω⊥

will be relatively slow, and for a small distance r the frequency of ω⊥ will be fast.

Equation 3.5 includes the cosine and sine Fresnel integrals C(z) and S(z), such that Equa-

tion 3.5 simplifies to:

K(t, r) =
C(z)

z
· cos(ω⊥t) +

S(z)

z
· sin(ω⊥t) (3.7)

where z =
√

6ω⊥t/π.

From a practical standpoint, it is possible to estimate the inter-spin distance simply by the

frequency of the oscillations in the time domain DEER experiment. Consider an example

where two spin labels are attached to a protein, the pump spin (B spin) has a ωB = 34.565

GHz while the probe spin (A spin) has a ωA = 34.500 GHz. After the application of the π
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pump pulse, there is a resulting 2 MHz shift in ωB of the probe spin making ωB = 34.502

GHz. From the relationship outlined in Equation 3.6 and substituting in numerical values

for the physical constants, we are able to get

r = 3

√
52

ω⊥

1

2π
(3.8)

where r is the inter-spin distance in nm, and ω⊥ is in units of MHz. Plugging in the 2 MHz

shift in ω⊥ for this example corresponds to a 2.96 nm inter-spin distance.

Now, returning to the discussion from above.

Since the experiment is discretized in the time domain, the discretized form of Equation

3.4 is

S = KP (3.9)

where K is an n×m matrix and S and P are both vectors of dimension n× 1 and m× 1,

respectively. Unfortunately, solving the inverse of Equation 3.9 for P is ill-posed numer-

ically and requires the employment of a numerical regularization method. There has been

much work on finding the best solution to this ill-posed problem. Tikhonov regularization is

most commonly utilized and the details about the selection of the regularization parameter

in Tikhonov have been explored.64,82–85,94

3.1.2 Experimental Considerations for the DEER Experiment

This subsection will outline some of the major experimental considerations for performing

DEER. A more complete discussion of experimental considerations can be found in the

forthcoming DEER white paper.

The first, and perhaps most important, consideration for performing DEER is the protein

of interest itself. As the most common spin labels bind to the protein backbone through

disulfide or thioether bonds, the presence of a large number of solvent-exposed Cys residues

will cause difficulties in spin labeling sites of interest. If there are a large number of solvent-

exposed Cys residues, this hurdle can be overcome by replacing the native solvent-exposed
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Cys residues with Ser or Ala residues.69 Another way around dealing with solvent-exposed

Cys residues is to use non-canonical amino acids with spin labels, such as TOAC.95–97

Following protein selection is site pair selection. For most DEER experiments, the accessible

distance measurement range is approximately 15-60 Å.98 The current record for longest

recorded distance by DEER is 160 Å,99 although this was done on a protein expressed in fully

deuterated media, which is a financial barrier for most labs. Thus, the distance distributions

of the site pairs of interest should be predicted to fall within the range of 15-60 Å.

In addition to the distance between site pairs, the local environment of sites of interest must

be taken into account. If a residue is quite buried and not solvent-exposed, it may not have

a high labeling efficiency and may require an extended labeling protocol with a higher molar

excess of spin label. Even if it is successfully labeled, it is possible that the bulkiness of the

spin label could cause structural perturbations to the protein. To avoid this, an in silico

spin labeling program such as MMM,100 ProEPR,101 or MtsslWizard78 should be used to

model the attachment of the rotamer to a crystal (or cryo-EM or Rosetta-generated) protein

structure.102

The use of deuterated buffers is highly important for extending the phase memory time

TM, and subsequently maximum measurement distance, of a DEER sample. For a complete

description of TM, see Subsection 1.2.6 and Chapter 2. As seen in the work in this

chapter, the difference in phase memory time of a spin label analogue in a matrix that is

1:1 (w:w) water:glycerol will increase approximately 20-fold going from natural-abundance

matrix deuteration to use of a perdeuterated matrix.58

When performing the experiment, temperature selection is another significant factor to con-

sider. For nitroxide DEER, 50 K is usually an optimal temperature.98 Higher temperatures

shorten TM and thereby the sensitivity. Lower temperature increase T1 and thereby the

saturation, leading to slower experiments.The advent of cryogen-free cooling systems used

with pulse EPR spectrometers makes this temperature more sustainable than using liquid
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helium.103 For those limited to liquid nitrogen, 80–100 K will be sufficiently cool to be able

to perform the DEER experiment. The relaxation rate, however, will increase significantly

above 80 K due to methyl rotations,39 which decreases the maximum measurable distance.

The temperature will also limit the spin lattice relaxation time T1 (see Subsection 1.2.6)

as well as the phase memory time TM. The length of τ2 is limited by the phase memory time,

thus long phase memory times are critical for measuring long distances.

A final important consideration in the DEER experiment is pulse selection. Historically,

rectangular pulses have been most commonly used in DEER, but the advent of arbitrary

waveform generators (AWGs) has led to routine pulse shaping. This is because the excitation

bandwidth of a shaped pulse is more uniform than that of a rectangular pulse.104,105 The

DEER experiments in this chapter are all performed with Gaussian observer pulses and

sech/tanh pump pulses. Gaussian observer pulses have a sharper excitation profile compared

to that of rectangular pulses and are shown to increase signal fidelity compared to rectangular

pulses, as they reduce the spectral overlap between observer and pump pulse excitation

windows.106

3.2 Methods

This thesis work fills a gap in the research attempting to model spin label rotamers in silico

by using various common spin labels (Figure 3.1) attached to differing sites on maltose

binding protein (MBP) (Figure 3.3), with the goal of disentangling protein flexibility from

side chain flexibility using a multi-spin label approach. A cartoon representation of the

concept of this multi-spin label approach with V1 and R1 is shown in Figure 3.4. The

general concept is to perform the DEER experiment multiple times using different spin

labels on the same site pairs. Since spin labels have different numbers of rotatable bonds

and experience different levels of steric hindrance, the extracted distance distributions will

be different. Upon combining the experimental results with rotamer modeling software, it

should be possible to extract a more precise Cβ − Cβ distance. We hypothesized that the
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Figure 3.3: Maltose binding protein (MBP) was selected as a benchmark protein due to its

stability, ease of growth, lack of native Cys residues, and lack of intermediate states

between apo and holo. Left, apo MBP (PDB ID: 1OMP). Right, MBP with bound maltose

(PDB ID: 1ANF). Rotamers of R1 are shown for the sites of mutation investigated.

multi-spin label approach would result in simple cases like those outlined in Figure 3.4.

In the first case, the spin labels preferentially point towards each other. Since I1 has a

longer side chain than R1 does, the distance obtained by the I1 measurement is shorter

than that of the R1 measurement. In the case where the spin label side chains are pointed

parallel to each other, the R1 and I1 peaks will occur at the same distance r. In the event

that the spin labels are pointed away from each other, the distance extracted from the R1

experiment will produce a peak at a shorter distance than would be found in the I1 sample.

Unfortunately, this picture is too simplistic, and the outcome of the experiments was not

quite this straightforward (see Subsection 3.3.2 and Appendix 6).

MBP was chosen as a benchmark protein for this study for several reasons. First, it is

known to have two clearly defined conformations. The apo state is open and, upon binding

of maltodextrins, the protein closes in a clam-shell or Pac-Man-type fashion, causing a hinge-

and-twist motion between the N- and C-terminal domains. These states have been studied
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Figure 3.4: Simplified representation of garnering more backbone information by a

multi-label strategy, using simulations of the R1 and I1 sidechains. Left, the parallel case:

the maxima are located at the same distance, it is probable that the rotamer clouds are

perpendicular relative to the Cβ. Middle, the long case: the maximum of the R1

distribution occurs at a shorter distance than that of the I1 distribution, indicating the

labels are likely pointed away from each other. Right, the short case: the I1 sidechain

produces a maximum at a shorter distance than the R1 sidechain does, suggesting the spin

labels are pointed in towards each other.
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extensively, and a plethora of structures determined by different methods exist.107–116 Having

this type of robust structural characterization is important to act as a benchmark for our

experimental results. Second, there are no native Cys residues in MBP. This is significant as

the common nitroxide spin labels are attached to the protein backbone via disulfide bonds

(R1, R7, V1) or a thioether bond (I1, M1). Thus, we are able to minimize functional and

structural perturbations by having only to mutate in Cys resides at the sites of interest,

rather than also having to remove native Cys residues. Finally, the ease of expression of

MBP makes it an excellent protein for generating a large number of samples.

In order to select sites for mutagenesis, the crystal structures of apo and holo (maltose

bound) MBP,110 PDB IDs 1OMP and 1ANF, respectively, were used in the spin label rotamer

simulation software MMM.100 All residues on both structures of MBP were tested for labeling

using MMM and all site pairs were selected that show distances in the range of 15–60 Å apart

in both crystal structures and were not involved in ligand binding. From these results a set

of 15 site pairs (Figure 3.5) were selected to encompass a variety of different distances,

change in distance between apo and holo, and secondary structure.

To perform mutagenesis, WT MBP DNA in the pETM-11 vector was used. The general

method for site-directed mutagenesis used in this work was based on the method outline by

Liu and Naismith.117 The forward and reverse primers were designed to overlap on their 5’

ends with a melting temperature of approximately 45 ◦C. The 3’ non-overlapping regions

were designed to have a melting temperature that was 5–10 ◦C warmer than that of the

overlapping regions. Primers were purchased from Integrated DNA Technologies. The PCR

was carried out using a HF Phusion polymerase kit (New England Biolabs) with a modified

hot start approach. In this method, all reagents except the polymerase are added to the

tube and are heated at 95 ◦C for 5 minutes before the addition of the polymerase.

The PCR product was checked for amplification with agarose gel electrophoresis, and upon

successful amplification was transformed into Turbo E. coli cells (New England Biolabs) in

a 2 mL Eppendorf tube to ensure sufficent aeration. After mixing the PCR product into
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Figure 3.5: Conformational change grid. The top and left axes show residue number. The

markings along the left and top axes show the local secondary structure, with alpha helices

indicated as red squiggles, beta sheets are shown in blue lines, bends/turns in green, and

unassigned features in black. Gray indicates site-pairs that are unsuitable for DEER. The

bottom half of the plot shows the distance change of the Cα between apo and holo states,

with dark blue indicating getting closer together and dark red indicating getting further

apart. The top half of the plot shows the holo Cα−Cα distance between residues.
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the Turbo cells, the two were incubated on ice for 30 minutes and then heat shocked in a

water bath for 30 seconds at 42 ◦C. The cells were left to rest on ice for 5 minutes before

the addition of 200 µL of Super Optimal broth with Catabolite repression (SOC) outgrowth

media. The cell outgrowth was performed for 1-2 hours at 37 ◦C, shaking at 250 rpm. The

incubation was then applied to a Lysogeny broth (LB) kanamycin plate and left overnight

for colony growth at 37 ◦C in the incubator.

The protein was purified according to a standard protocol for His-tagged proteins118 and pu-

rity was confirmed via sodium dodecyl sulfate–polyacrylamide (SDS PAGE) electrophoresis.

Specifically, purification was conducted using a Ni-NTA (nitrilotriacetic acid) affinity gravity

column. Full details of the purification, including buffers, can be found in Appendix 5. To

minimize intermolecular disulfide crosslinking, the elution was carried out in a large volume

(≥ 20 mL). Spin labels were added at 10 fold excess relative to the protein concentration.

The incubation of spin label and protein was carried out overnight at 4 ◦C. The excess

spin label was removed by repeated concentration and dilution steps in a spin concentra-

tor (molecular weight cutoff 20 kDa). After 5 concentration-dilution steps, the protein was

checked for unbound spin label using CW EPR spectroscopy. All CW experiments were

conducted at X-band (ca. 9.7 GHz) on a Bruker EMX spectrometer equipped with a dielec-

tric resonator at room temperature. If excess spin label was found on the CW spectrum,

additional concentration-dilution steps were performed until the CW EPR spectrum showed

minimal unbound spin label. Finally, the protein was exchanged into a deuterated buffer

with 50% d8-glycerol (%w) to prevent aggregation, transferred by syringe into a 1.1 mm ID

(1.5 mm OD) quartz capillary tube (Wilmad Labglass), flash frozen in liquid nitrogen, and

stored at -80 ◦C until measurement.

DEER measurements were performed at ca. 34 GHz and 50 K in a Bruker EleXsys E580 EPR

spectrometer, in a MD2 resonator, equipped with a SpinJet AWG, a 390 W TWT (Applied

Systems Engineering), and a cryogenfree cooling system (ColdEdge). DEER experiments

were all performed with 60 ns Gaussian observer pulses (truncation parameter 0.1), with
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power amplitudes corresponding to π/2 and π flip angles, and a 150 ns sech/tanh pump

pulse. DEER data was analyzed using DeerLab 0.13.1.84 Simulations were done using the

crystal structures for apo (1OMP)108 and holo (1ANF)108 MBP, and the in silico spin labeling

programs MMM,100 MtsslWizard,78 and ProEPR.101

3.3 Results

3.3.1 CW EPR

The CW experiments were performed as a check for unbound spin label on both apo and

holo MBP (Figure 3.6). This is an important step in preparing DEER samples since a large

amount of free spin label results in a steep contribution to the background.

A noticeable trend in this dataset across apo and holo protein is that V1 has a tendency

to have unbound spin label. There has been previous literature demonstrating that the V1

side chain is susceptible to degradation to thiocystine (major product) and cysteine (minor

product) at room temperature.119 This is consistent with experimental V1 data collected

on apo S238V1 L275V1 at room temperature upon labeling and after 17 hours at room

temperature (Figure 3.7). The sharp, narrow peaks seen on the 17-hour sample arise from

free spin label, which tumbles quickly enough to average out anisotropy in the system. This

is not inherently a deal-breaker for the use of the V1 sidechain, but it is important to consider

the unbound spin concentration before performing DEER. As the background decay rate is

dependent on the concentration of paramagnetic centers, a large fraction of unbound spin

will cause a steep background decay. Also, a large concentration of unbound spin label

reduces the DEER modulation depth, and therefore the sensitivity, since there are fewer

doubly-labeled proteins.

3.3.2 DEER Spectroscopy

Figure 3.8 shows the experimental DEER traces. The V1 sidechain tends to produce lower

modulation depths than the other sidechains because of its tendency to fall off the protein



57

Figure 3.6: Room temperature CW EPR data of apo (dark) and holo (maltose bound)

(light) MBP. R1 is shown in red, R7 is shown in orange, V1 is shown in green, M1 is shown

in blue, I1 is shown in purple. The samples were on the order of 100 µM protein (200 µM

spin).
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Figure 3.7: X-band CW spectra of holo S238V1 L275V1 immediately after labeling and

purification (green) and the same sample after 17 hours at room temperature (gray).

backbone. There are instances, such as L20I1 S211I1, in which the I1 sidechains produce very

shallow modulation depths. As L20C is a buried residue, the bulky size of the I1 sidechain

will encounter difficulties with labeling. Thus, it is likely that there is very low labeling

efficiency for L20I1.

Figure 3.10 shows the ProEPR simulations in black and the 95% confidence intervals for the

experimental distance distributions and their background fits in the same colors as previous

figures. There are a few notable trends. First, models of I1 and M1 sidechains consistently

predict a narrower rotamer distribution than is seen experimentally. Additionally, there

appears to be a consistent trend of the R1 model to predict a shorter distance than is exper-

imentally observed. These trends are also shown in Figure 3.10 with the holo experimental

simulations shown in gray.

Unfortunately, there is not a clear trend as described in Figure 3.4. This is because rotamers
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Figure 3.8: Experimental time traces (dots) with fits (opaque solid lines) and background

fits (translucent solid lines) for the MBP site pairs used in this study. The R1 sidechain is

shown in red, R7 in orange, V1 in green, M1 in blue, and I1 in purple.
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Figure 3.9: A 10 Å zoom-in on L20C apo MBP (PBD ID: 1OMP), with the spin label

density of the five labels shown. This illustrates that the spin labels may exist in different

conformational wells.
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Figure 3.10: The 95% confidence intervals for the P (r)s of apo (dark) and maltose bound

(light) MBP. R1 is shown in red, R7 is shown in orange, V1 is shown in green, M1 is shown

in blue, I1 is shown in purple. The ProEPR simulations for apo and holo are shown in

black and gray, respectively.
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Figure 3.11: A plot of the experimental modes of the inter-spin label distance minus the

Cβ–Cβ crystal structure distance. R1 is shown in red, R7 in orange, V1 in green, M1 in

blue, and I1 in purple.

do not simply populate one conformational well. Figure 3.9 shows an example of this with

the L20C site on apo MBP. The full set of rotamer clouds can be found in Appendix 6.

As is evident with the rotamer clouds, there are different populations oriented in different

conformational wells. This makes it difficult to apply the simple approach described in

Section 3.2.

Figure 3.11 shows the difference in modes of the inter-spin-label distances ∆SL and inter-

Cβ distances ∆Cβ. This is a limited analysis given that the Cβ distances are calculated based

on the crystal structures of apo and maltose-bound MBP. It is notable, however, that the

I1 sidechain tends to result in distance distributions longer than the Cβ distance. Perhaps

the diamond in the rough of the spin labels is the R7 sidechain, which produces similar

results to the V1 sidechain, but is much easier to keep attached to the protein backbone. It



63

also demonstrates narrower FWHM values than the R1 sidechain does and has the ease of

labeling that makes R1 so wildely used.

The various spin labels produce distance distributions of different widths. Figure 3.12

shows the FWHM of the amplitude of the most prominent peak of the upper bound of

the 95% confidence intervals as calculated by DeerLab.94 Distributions that were not well

described by a Gaussian-type FWHM analysis were excluded. This analysis does not include

bimodality as a measure of FWHM—that is, in the case of samples with bimodal peaks, only

the most prominent peak was used. The two proxyl labels produced the largest peak widths,

which is unsurprising due to their bulkiness. The V1 side chain consistently produced the

narrowest distributions, followed closely by the R7 sidechain. The R1 produced only slightly

broader distributions than those of R7 and V1.

Using these trends, along with the sidechain lengths of the spin labels, it is possible to

establish upper and lower bounds on the Cβ distances.

Dr. Maxx Tessmer is working on the development of a software to estimate the beta-beta

distance distribution from the spin-spin distribution using a neural-network model approach.

The model will be trained on this dataset to investigate if this problem is solvable or if

the variable space is simply too large to provide reasonable, non-computationally expensive

analysis. This does not, however, preclude a multi-spin label approach being used to provide

distance restraints in a protein folding software such as Rosetta.

3.4 Conclusions

This chapter details the work on the collection of a novel large DEER benchmark dataset on a

conformationally flexible protein, that will consist of 90 DEER traces (9 site pairs, 5 labels, 2

states) upon completion. In addition to the DEER experiments, there are also corresponding

relaxation experiments. This complete dataset contains a wealth of information and can be

used as a large-scale an experimental validation test set. To my knowledge, no other dataset

with this variety of spin labels and length of DEER traces exists. This dataset will aid
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Figure 3.12: FWHM analysis of the experimentally obtained probability distributions.

Only those distributions that could reasonably be fit by a single Gaussian were included in

this analysis.

in developing and validating computational models that are able to back out β − β from

spin-spin using a variety of approaches. A software based on a neural network is currently

under development.101

The added rigidity of the V1 sidechain relative to other side chains can produce substantially

narrower distributions than the other spin labels used, but its tendency to fall off the protein

is a trade-off with its rigidity.

Based on the experiences of collecting this robust dataset, I recommend using the R1, V1,

and M1 sidechains for a multi-spin label protein structure determination. While the V1

sidechain is prone to falling off, with sufficiently long signal averaging, a rigid distribution

can be obtained. Of the proxylsidechains, M1 consistently produced better experimental data

than I1 did. The R7 sidechain produced a similar FWHM in the experimentally obtained

probability distributions as that of the V1 sidechain. This demonstrates that the dominance

of the R1 sidechain in the literature.

This dataset contains a wealth of information, and will be of great use in the in silico spin
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labeling community.
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Chapter 4

EPR INVESTIGATION OF A NOVEL [2Fe-2S]+ CLUSTER

The work in this chapter was done in collaboration with Dr. Hui Wang of the Zheng lab at

University of Washington. Some of these results are published.120

4.1 Background

Iron homeostasis is a critical function for mammalian life. Many of the most important bio-

chemical pathways in nature are regulated by iron-sulfur-cluster-containing proteins.121 As

EPR is only sensitive to paramagnetic centers, it is a highly important technique for the char-

acterization of FeS clusters in proteins. In fact, the specificity of local environment, including

ligand coordination, spin density, and oxidation state, can be determined via EPR.18

Two key proteins involved in mammalian iron homeostasis are iron regulatory proteins 1 and

2, IRP1 and IRP2, respectively. They are cytoplasmic proteins that regulate iron storage

at the post-transcriptional level.122 In the case of low iron levels, IRP1 and IRP2 con-

trol iron metabolism genes by interacting with the iron-responsive elements (IREs) in their

mRNA.123,124

While there is great sequence similarity between the two IRPs, the manner in which they

bind to IREs are distinct. Upon binding to an IRE, IRP1 undergoes insertion of a [4Fe-

4S] cluster and, as such, becomes a cytoplasmic aconitase.125 IRP2 binds to IREs under

conditions of limiting O2 or Fe. Upon binding to an IRE, IRP2 undergoes a ubiquitin-

dependent proteasomal degradation.126–128

The F-box leucine-rich-repeat protein 5 (FBXL5) is the substrate receptor of SKP1-CUL1-
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Fbox. This complex specifically recognizes IRP2 and promotes its degradation under low

O2 or Fe.129,130 FBXL5 is unique relative to other F-box proteins as it has a N-terminal

hemerythrin-like domain. This heme-like domain has been been considered to be responsi-

ble for iron-controlled degradation of IRP2. The pathway for O2-dependent degradation is

unresolved.131

While the importance of FBXL5 in iron homeostasis has been established,122,124,129,132 the

mechanism for FBXL5 recognition of IRP2 is an open question. In this work,120 we found

a previously unknown [2Fe-2S] cluster in FBXL5 by combined biophysical, structural, and

cellular methods. This chapter will only touch briefly on the non-EPR related findings. For

a full description of all results, see Wang et al. 2020.120

4.2 Protein Expression and Fe Identification

Expression of the truncated substrate receptor FBXL5-SKP1 with the heme-like domain

resulted in aggregation and weak interactions with IRP2. Thus, the N-terminal heme-like

region was deleted and further sequence analysis was performed to optimize expression, and

a leucine-rich repeat region predicted to be structurally disordered was deleted.

After this deletion, the purified protein was unexpectedly brown to the eye, suggesting it

contained an iron-binding site. UV-vis spectroscopy showed peaks at 330 and 425 nm, which

is consistent with a typical Fe-S cluster.133

4.3 CW EPR on FBXL5-SKP1

In order to gain more insight about this potential Fe-S cluster, CW EPR was performed.

The FBXL5-SKP1 EPR samples were prepared from 300 µM FBXL5-SKP1 in 20 mM Tris

pH 8.0, 150 mM NaCl, 5 mM dithiothreitol (DTT), and 20% (v/v) glycerol. The reduced

EPR sample was prepared in an anaerobic box (McCoy) by the addition of 1.5 mM freshly

prepared sodium dithionite. The oxidized sample was prepared aerobically by the addition

of 1 mM K3Fe(CN)6. About 100 µL of solutions were transferred to 4 mm O.D. quartz tubes
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Figure 4.1: 9.425 GHz EPR spectra (black) of oxidized and reduced FBXL5 performed at

20 K, a modulation amplitude of 15 G, and a power of 32 mW. Simulation parameters

(red): g-values 2.042, 1.92, and 1.89, g-strain widths 0.0001, 0.0006, and 0.0006; 1 mT

Lorentzian FWHM line broadening. The asterisk indicates a small signal from an organic

radical.
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(Wilmad) and flash-frozen in liquid nitrogen. Atmosphere was removed by freeze-pump-

thawing and the sample tubes were flame sealed. X-band EPR spectra were collected on

a Bruker EMX spectrometer equipped with an SHQE resonator. The sample temperature

was set to 20 K utilizing an Oxford ESR900 liquid-helium flow cryostat. The modulation

amplitude was 15 G, microwave power was 32 mW, and the sweep rate was 4 mT s−1. The

magnetic-field axis was calibrated with a teslameter. The spectrum was simulated using

EasySpin.134

Figure 4.1 shows 9.425 GHz EPR spectra of oxidized and reduced FBXL5-SKP1. The

reduced sample shows a prominent EPR signal due to a spin-1/2 species with principal g-

values of 2.042(5), 1.92(5), and 1.89(5) with an average g-value, gavg of 1.96(5) in addition

to a slight peak at g ≈ 4.3. The g-values and their average, gavg, are consistent with a

four-cysteine coordinated ferredoxin-type [2Fe − 2S]+ cluster.7,18,135 The oxidized sample

shows no EPR signal between 50 and 650 mT, consistent with the presence of an EPR-silent

[2Fe − 2S]2+ cluster. This coordination indicates that the four highly conserved cysteine

residues involved are in the C-terminal loop region: Cys662, Cys676, Cys686, and Cys687.

4.3.1 CW EPR on FBXL5-SKP1-IRP2

The experimental spectrum shown in Figure 4.2 is not typical of a [2Fe−2S]+ cluster. Two

axial components were required to simulate the spectrum. Interestingly, the two components

used in the simulation are a perfect match to cytosoclic aconitase treated with nitric oxide

(component 1) and reduced cytosoclic aconitase treated with nitric oxide.125

As there was no external addition of NO to the samples, this is a highly peculiar result. DFT

calculations on the geometry-optimized FeS cluster using unrestricted Kohn-Sham DFT with

the BP86 functional and the def2-SVP basis were performed in ORCA 4.2.136 There was

no supporting evidence for a nitrogen-containing residue that would result in the spectral

parameters observed experimentally. As the C-terminal loop region on FBXL5 is at the

binding interface with IRP2 (Figure 4.3), it is possible that a residue on IRP2 ligating to
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Figure 4.2: 9.443 GHz EPR spectrum of reduced FBXL5-SKP1-IRP2 (black) performed at

20 K, a modulation amplitude of 15 G, and a power of 32 mW. The simulation (red and

gray) g-values were 2.036, 2.012 and 2.006, 1.971, for component 1 and 2, respectively. The

broadening was included in the EasySpin parameter gStrain, which was [0.0138, 0.009] for

component 1 and [0.0087, 0.0154] for component 2.
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Figure 4.3: Cryo-EM structure of FBXL5-SKP1-IRP2, shown in teal, purple, and pink,

respectively (PDB ID: 6VCD).120 The [2Fe− 2S] cluster is shown as spheres, with iron in

orange and sulfur in yellow. The zoom-in shows the 10 Åaround the cluster.
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the FeS cluster and is responsible for the unusual spectrum observed.

4.4 Conclusion

While this work provided a information about a previously unknown iron regulatory pathway,

there is still much work to be done on this project. At the time of writing this thesis, we

are preparing to run a repeat experiment on a another freshly prepared sample to see if

there is any presence of this unusual NO signal in a biological repeat. Additionally, X-band

HYSCORE spectroscopy will be performed to investigate the possible origins of this unusual

signal.
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Chapter 5

MBP SAMPLE PREPARATION

Binding Buffer: 20 mM Tris-HCl, pH 7.5, 20 mM imidazole

Wash Buffer: 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 30 mM imidazole

Elution Buffer: 20 mM Tris pH 7.5, 150 mM NaCl, 300 mM imidazole

Spin Labeling Buffer: 20 mM Tris-HCl pH 7.5, 150 mM NaCl

CW EPR Buffer: 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 20% glycerol

DEER Buffer: 20 mM Tric-HCl pH 7.5, 140 mM NaCl, 50% (%w) d8-glycerol in D2O

Pelleted cells were resuspended in ca. 30 mL of Binding Buffer with DNAse, lysozyme, and

PMSF. The cells were disrupted with sonication and then centrifuged at 4◦. The supernatant

was run through an Ni-NTA gravity column. Two wash steps were performed with ca. 30

mL of Wash Buffer. The protein was eluted using elution buffer. Protein concentration was

determined using UV-vis.
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Chapter 6

PROEPR ROTAMERS

Rotamer density clouds, shown as surface meshes were obtained by ProEPR using and were

visualized using Pymol.
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Figure 6.1: ProEPR-generated rotamer densities for apo (PDB ID: 1OMP) and holo (PDB

ID: 1ANF) L20C L211C MBP.
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Figure 6.2: ProEPR-generated rotamer densities for apo (PDB ID: 1OMP) and holo (PDB

ID: 1ANF) L20C S238C MBP.
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Figure 6.3: ProEPR-generated rotamer densities for apo (PDB ID: 1OMP) and holo (PDB

ID: 1ANF) L20C T345C MBP.
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Figure 6.4: ProEPR-generated rotamer densities for apo (PDB ID: 1OMP) and holo (PDB

ID: 1ANF) D41C S238C MBP.
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Figure 6.5: ProEPR-generated rotamer densities for apo (PDB ID: 1OMP) and holo (PDB

ID: 1ANF) S211C T345C MBP.
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Figure 6.6: ProEPR-generated rotamer densities for apo (PDB ID: 1OMP) and holo (PDB

ID: 1ANF) L311C T345C MBP.
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Figure 6.7: ProEPR-generated rotamer densities for apo (PDB ID: 1OMP) and holo (PDB

ID: 1ANF) S238C L275 MBP.
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Figure 6.8: ProEPR-generated rotamer densities for apo (PDB ID: 1OMP) and holo (PDB

ID: 1ANF) S238C L311C MBP.
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Figure 6.9: ProEPR-generated rotamer densities for apo (PDB ID: 1OMP) and holo (PDB

ID: 1ANF) S238C T345C MBP.
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[59] Janne Soetbeer, Miriam Hü, Adelheid Godt, Yevhen Polyhach, and Gunnar Jeschke.
Dynamical decoupling of nitroxides in o-terphenyl: a study of temperature, deuteration
and concentration effects. Physical Chemistry Chemical Physics, 20:1615–1628, 2018.

[60] Dora Toledo Warshaviak, Valery V. Khramtsov, Duilio Cascio, Christian Altenbach,
and Wayne L. Hubbell. Structure and dynamics of an imidazoline nitroxide side chain
with strongly hindered internal motion in proteins. Journal of Magnetic Resonance,
232:53–61, 2013.

[61] Milov, A. D. and Salikhov, K. M. and Shchirov, M. D. Application of the double



89

resonance method to electron spin echo in a study of the spatial distribution of para-
magnetic centers in solids. Soviet Physics Solid State, 23:975–982, 1981.

[62] A. D. Milov, A. B. Ponomarev, and Yu D. Tsvetkov. electron–electron double resonance
in electron spin echo: Model biradical systems and the sensitized photolysis of decalin.
Chemical Physics Letters, 110:67–72, 1984.

[63] Gunnar Jeschke. DEER Distance Measurements on Proteins. Annual Review of Phys-
ical Chemistry, 63:419–446, 2012.

[64] Yun Wei Chiang, Peter P. Borbat, and Jack H. Freed. Maximum entropy: A com-
plement to Tikhonov regularization for determination of pair distance distributions by
pulsed ESR. Journal of Magnetic Resonance, 177:184–196, 2005.

[65] Michael K. Bowman. Visualization of Distance Distribution from Pulsed Double
electron–electron Resonance Data. Applied Magnetic Resonance, 26:23–39, 2004.

[66] Janin Glaenzer, Martin F. Peter, and Gregor Hagelueken. Studying structure and func-
tion of membrane proteins with PELDOR/DEER spectroscopy – A crystallographers’
perspective. Methods, pages 63–175, 2018.

[67] Wayne L. Hubbell, Hassane S. Mchaourab, Christian Altenbach, and Michael A. Liet-
zow. Watching proteins move using site-directed spin labeling. Structure, 15:779–783,
1996.
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